the leafy green vegetable Lactuca sativa, L. is susceptible to the soil-born fungus Rhizoctonia solani AG1-IB. In a previous study, we reported on the transcriptional response of R. solani AG1-IB (isolate 7/3/14) during the interspecies interaction with L. sativa cv. Tizian by means of RNA sequencing. Here we present the L. sativa transcriptome and metabolome from the same experimental approach. Three distinct interaction zones were sampled and compared to a blank (non-inoculated) sample: symptomless zone 1, zone 2 showing light brown discoloration, and a dark brown zone 3 characterized by necrotic lesions. Throughout the interaction, we observed a massive reprogramming of the L. sativa transcriptome, with 9231 unique genes matching the threshold criteria for differential expression. The lettuce transcriptome of the light brown zone 2 presents the most dissimilar profile compared to the uninoculated zone 4, marking the main stage of interaction. Transcripts putatively encoding several essential proteins that are involved in maintaining jasmonic acid and auxin homeostasis were found to be negatively regulated. These and other indicator transcripts mark a potentially inadequate defence response, leading to a compatible interaction. KEGG pathway mapping and GC-MS metabolome data revealed large changes in amino acid, lignin and hemicellulose related pathways and related metabolites.
The leafy green vegetable lettuce (Lactuca sativa, L.), member of the family Asteraceae, is popular around the world for food and feed purposes. Unfortunately, lettuce is sensitive to a wide range of bacterial, viral and fungal pathogens. The necrotrophic soil-borne pathogen Rhizoctonia solani AG1-IB is best known for bottom rot disease on lettuce 1 . The inherent plant defence mechanism reactions are specific for pathogens with different lifestyles like necrotrophs, biotrophs and hemibiotrophs 2 . Obligate biotrophic pathogens (e.g., Puccinia spp., Blumeria spp.) have coevolved mechanisms to maintain host viability, use nutrients from living cells and generally lack toxin production 3 . Hemibiotrophic pathogens such as Phytophthora infestans are characterized by their capability to switch from a biotrophic lifestyle to a necrotrophic lifestyle 4 . In contrast to biotrophs, necrotrophs exclusively extract nutrients from dead cells and have evolved aggressive and extensive virulence strategies that promote host cell death 5 . Necrotrophs include host-specific like Cochliobolus carbonum and broad host-range species such as Botrytis cinerea, Sclerotinia sclerotiorum, and Alternaria brassicicola 5 . The soil-borne pathogen R. solani is generally considered to be a simple necrotrophic broad-host-range pathogen 6 . Regardless of the pathogens lifestyle, the activation of plant defence responses involves complex events on cellular, histological and molecular levels. The response of plants against pathogens generally operates at two levels. The first level is induced in plants when microbe associated molecular patterns (MAMPs) or damage . The ETI response is based on the principle of gene-for-gene resistance. Against necrotrophic fungal pathogens, this mode of defence is rather rare in plants 8 and not known for R. solani interaction in any host plant to date. Plant defence responses to necrotophs are very complex and reflect the multiplicity of virulence mechanisms of necrotrophs targeting diverse cellular processes 8 . As already mentioned, infections of necrotrophic pathogens result in host cell death. To induce host cell necrosis and leakage of nutrients, necrotrophs can secrete phytotoxic secondary metabolites and peptides, cell wall-degrading enzymes and produce reactive oxygen species 4 . Plant host cell death in turn is associated for instance with production of antimicrobial peptides and hormones such as salicylic acid (SA), ethylene (ET), and jasmonic acid (JA), accumulation of reactive oxygen species (ROS) or modification of cell wall components 5 . The role of host cell death differs between plants responding to biotrophic or necrotrophic pathogens. Cell death (hypersensitive response) induced at the site of infection by biotrophs is an indicator of resistance, whereas host cell death induced by necrotrophs is an indicator for successful infection. Therefore, based on the pathogen's lifestyle, different responses are required from the plant to launch an effective defence. The response against biotrophs mostly relies on SA, whereas the response against necrotrophs predominantly depends on JA and ET regulated pathways. However, nowadays it is known that separation between these mechanisms is not the schism that it was formerly presumed to be. Several studies have pointed at the existence of interplay between these mechanisms of plant defence 9 . In addition, it has been suggested that several necrotrophic pathogens are capable of tricking the plant defence system by activating the response towards biotrophs, resulting in host cell death and thus promoting a successful interaction of the necrotrophic pathogen 10 . Little is known on the plant's control of disease-associated cell death especially as a response to interaction with a broad host-range necrotrophic pathogen such as R. solani. Besides lettuce, the necrotrophic pathogen R. solani AG1-IB affects many more host plants 11 . First insights into the R. solani AG1-IB transcriptome during interaction with lettuce in a leaf infection model showed high expression of R. solani agglutinin genes as well as genes associated with apoptosis. Moreover, 21 genes of unknown function were specifically expressed in the initial phase of interaction, symptomless zone 1 12 . These findings suggest that the early phase of R. solani AG1-IB interaction is associated with mechanisms leading to host cell death. However, little is known about the biochemical mechanisms specifying this pathosystem. To elucidate the various interactions involved, we previously reported on the genome sequence of lettuce cv. Tizian and R. solani AG1-IB (isolate 7/3/14), addressing the genomic potential and transcriptional activity of both partners in the course of their interaction [13] [14] [15] [16] . R. solani harbours various genes putatively specifying functions that can be linked to pathogenicity like: MAP kinases, GABA metabolism, melanin synthesis, plant cell wall degradation and interference with plant cell defences 13 . Concerning the lettuce cv. Tizian genome, we previously identified a high number of genes associated with plant defences 17 . Moreover, substantial research efforts have been conducted for the lettuce cv. Salinas [18] [19] [20] [21] [22] . Previously, the structure of the major resistance cluster and the identification of pathogen-recognizing receptors were reported for this cultivar 23, 24 . First insights into the response of lettuce towards the necrotrophic fungus Botrytis cinerea uncovered upregulation of the phenylpropanoid and terpenoid synthesis pathways as well as a global downregulation of photosynthesis 22 . To date our understanding of plant defence mechanisms, especially against attack by necrotrophic pathogens such as R. solani, is limited and more knowledge of the plant defence against these pathogens is needed for future control strategies. After the detailed analysis of the R. solani AG1-IB transcriptome during interaction with lettuce in a previous publication 12 . We here investigate lettuce cv. Tizian during the interaction with R. solani AG1-IB by means of transcriptome and metabolome analysis within a detached leaf model (DLM) [25] [26] [27] .
Methods
experimental setup. The experimental design, cultivation of lettuce (cv. Tizian) and the pathogen R. solani AG1-IB (isolate 7/3/14), RNA extraction and the RNAseq sequencing on the Illumina Hiseq platform was done as described by Verwaaijen et al. 12 . Briefly, detached leafs from L. sativa cv. Tizian were inoculated with R. solani AG1-IB isolate 7/3/14 ( Fig. 1 ) and incubated for 3 days at room temperature. After incubation with the pathogen, RNA was extracted from three distinct interaction zones with increasing extend (degree) of interaction (zone 1, 2, and 3 as illustrated and defined in Fig. 1 ) and a fourth sample from non-inoculated leafs (zone 4). Three plants were used to create biological replicates, with eight leafs per plant to obtain sufficient material.
Mapping of RNA-Seq reads. The sequencing data from EBI ArrayExpress accession E-MTAB-4762 were mapped using Tophat 2 (v2.1.0) onto the R. solani AG1-IB 7/3/14 genome (EMBL LN679100-LN679996) 28 . Subsequently, the unmapped reads were converted back to FASTQ format (SAMtools) and mapped (Tophat 2) onto the lettuce cv. Tizian genome (CoGe genome ID:36441). The double mapping approach was used to minimize interference from sequencing artefacts and homologous regions between both species that may influence the analysis of transcriptional levels. transcription analysis. Sequence reads were counted in the ReadXplorer platform 2.0.1 29, 30 . Reads per kilo-base per million reads (RPKM) values were extracted for principle component analysis (PCA) and to determine the most abundant transcripts per sample. PCA plots based on RPKM values were calculated and visualized with ClustVis for Docker 31, 32 . The DESeq 33 R package was used as implemented for differential gene expression analysis, counting only uniquely mapped reads and using the zone 4 (blank; non-inoculated lettuce leaf tissue) as reference. DEGs (differentially expressed genes) featuring fold-changes larger or smaller than 2 or −2 with corresponding p-adjusted values below 0.05 were deemed significant for all further analyses unless defined www.nature.com/scientificreports www.nature.com/scientificreports/ differently 34 . In addition, Upset was used to depict the distribution of differentially expressed genes between the pairwise DESeq comparisons 35 . Differentially expressed resistance gene (R-gene) candidates were depicted based on RPKM values as heat map through the ClustVis platform 31 
.
Functional enrichment of expressed genes. Translated proteins derived from the non-redundant transcriptome based on the L. sativa gene prediction were compared with the Arabidopsis thaliana proteins from UniProt to retrieve orthologous candidates (Blast cut-off expectancy value 1 × 10 −11 ). These proteins were ordered according to the fold-changes of the respective DESeq outputs and uploaded into the GOrilla platform, for enrichment of gene ontology terms (GO) 36 . All fold-change data were included; no filtering was applied. For a second GO-based approach, GO terms were counted from the transcript groups previously generated with Upset 35 and compared to the GO term counts for the complete genome. Statistical validity of enrichment values was checked with a single tailed Fisher's exact test at a 0.05 significance limit. Only Upset groups with 100 DEGs or more were analysed.
The Mercator pipeline was used at default settings to provide a functional annotation mapping file for MapMan enrichment analysis 37, 38 . The DESeq fold-changes were imported in the MapMan platform for visualization and enrichment of functional bins. Enrichment of the bins was tested with the Wilcoxon rank sum test, corrected for false discovery rate (FDR).
Kyoto Encyclopedia of Genes and Genomes (KEGG) [39] [40] [41] Ontology (KO) terms were linked to the differentially expressed genes to obtain pathway mappings using the KEGG Automatic Annotation Server (KAAS) 42 . Visualizations were generated with the KEGG mapper tool and custom heat map scaling created in Microsoft Excel.
Scanning Electron Microscopy.
Infected plant samples were fixed in 2% para-formaldehyde in phosphate buffer (100 mM, pH 7.2) for two hours on ice. The samples were washed three times for 20 minutes each in the same buffer. The samples were further fixed in 2% Osmium tetroxide for one hour and thereafter carefully washed to remove all fixative. Dehydration was carried out in a series of acetone starting at 20% going up to 100% in 10% steps. 100% acetone was replaced by 100% acetone that was stored on a molecular sieve (4 Å) to remove remaining traces of water. The samples were transferred to a critical point dryer (Balzers CPD 030, Switzerland). Carbon dioxide (water free, Linde, Germany) was used as transitional fluid at 73.8 bar and 31 °C. Dry samples were mounted on SEM-sample holders (Plano, Germany) and sputtered with 10 nm Gold using a Balzers SCD004 sputter. Samples were analyzed sing a S-450 scanning microscope (Hitachi; Japan) at 15 kV. Images were recorded using a DISS5 acquisition system (Point Electronics, Germany).
Metabolome analysis. Metabolite extraction & Gas chromatography -mass spectrometry. Detached leafs
from L. sativa cv. Tizian were inoculated with R. solani AG1-IB isolate 7/3/14 and the different interaction zones were dissected, as was described in Verwaaijen et al. 2017 12 . The plant material was frozen in liquid nitrogen www.nature.com/scientificreports www.nature.com/scientificreports/ and lyophilized. The dry plant material was homogenized to a uniform powder using a laboratory blender (IKA, Staufen, Germany). Approximately 8 mg of the samples were homogenized and extracted using a Ribolyzer (Bertin, Frankfurt Main, Germany) at 3 × 45 sec, 6.5 m/s with 0.5 g of silica beads and 1 ml 80% methanol containing 10 µM ribitol as internal standard. The dry weight of all samples was determined and documented for later normalization.
After centrifugation, 750 µl of the supernatant was dried in a stream of nitrogen gas and transferred to the MultiPurpose Sampler (MPS2, Gerstel, Germany). There the samples have been subsequently derivatized with 50 µl Methoxylamin-hydrochloride (20 mg/ml in pyridine, Sigma Aldrich) and 50 µl MSTFA (Macherey-Nagel), as well as injected for the analysis in Leco Pegasus IV gas chromatograph coupled to time-of-flight mass spectrometer (Leco, Saint Joseph, USA). The GC-instrument was equipped with a Optima ® -5MS Accent column (30 m, ID 0.25, df 0.25 µm; Macherey-Nagel). 1 µl sample was injected (splitless) for GC-MS analysis. The oven program was: 3 minutes 80 °C, ramp with 5 °C per minute up to 325 °C, isothermic conditions for 2 minutes at 325 °C. Transfer line temperature was set on 250 °C and ion source on 220 °C. Mass spectra were recorded from m/z 50 to 750.
Data analysis with the Xcalibur. The resulted chromatogram and mass spectra were converted to Thermo RAW data format. Data analysis as peak picking, database search and integration of peak areas of selected extracted ion chromatograms (EICs) was carried out by the Xcalibur 2.0.7 software (Thermo Fisher Scientific, USA). Peak identification was carried out by comparison of retention times and mass spectra of reference compounds that were analyzed under the same conditions. In addition, a comparison of all mass spectra information with the Golm Metabolite Database (GMD) and the database of the National Institute of Standards and Technology (NIST) was performed. The confidence level was assigned to every metabolite identification in accordance to the proposed reporting standards of the Chemical Analysis Working Group 43 ranging from (1): identified by the measurement of the chemical reference standard, (2): putatively identified by significant database hit, (3): putatively characterized by database hit as compound of a certain chemical class, (4): unknown compound.
The software approach delivers an Excel Table containing the identified metabolites and their quantification normalized to the dry weight and ribitol, as well as a ANOVA analysis for significance. Visual presentation of PCA and heatmaps were generated with ClustVis 31 .
Results
Lettuce/Rhizoctonia solani leaf interaction model. Previously, we presented results of R. solani AG1-IB transcriptomes using the lettuce leaf model 12 . In this study, we specifically focus on the lettuce transcriptome in the course of interaction. The experiment was conducted as follows. Lettuce cv. Tizian leafs were inoculated with R. solani AG1-IB isolate 7/3/14 and incubated for 3 days (Supplementary Video 1). During incubation, three distinct zones were observed on the inoculated leafs. These zones were microscopically investigated and subsequently sampled for RNA extraction and sequencing (Fig. 1 ).
Differential expression of lettuce genes during interaction with R. solani. In order to quantify the transcriptional response of lettuce to R. solani AG1-IB attack at different phases of interaction, differential transcriptome analyses of the interaction zones were carried out with DESeq, between the zone 4 sample and the three interaction zones. These results were merged in an Upset plot to investigate the distribution of significantly differentially expressed genes (DEGs) between the different comparisons (Fig. 2) . Considering all three zones of interaction, 15,747 events of significant differential expression were detected with a p-adj value of 0.05 or less and an absolute fold-change of 2-fold or more. 9,231 of these DEGs correspond to unique transcripts representing about 50% of all non-redundant transcripts. Respectively, 4,282 DEGs were upregulated and 4,872 were downregulated. It is noteworthy that zone 2 features the highest number of uniquely up-as well as uniquely down-regulated transcripts. Zone 1 shows the second most uniquely transcribed transcripts. Zone 3, the most advanced interaction phase, has only few uniquely transcribed genes, so no or only little transcriptional changes occur here, as compared to zone 1 and 2. Initially, global GO term enrichments in interaction zones 1 and 2 were determined with the software packages GOrilla and ReviGO (Fig. 3) . Noteworthy are the enrichments of the terms for defence response, incompatible interaction and the response to chitin, among the up-regulated transcripts. The down-regulated transcripts are enriched in GO terms mostly related to photosynthesis and energy metabolism. Differences between zone 1 and zone 2 are not very prominent, based on this analysis. Nevertheless, some enriched GO term functions are present in zone 1 that are not within zone 2 and vice versa. For example, water transport, cell wall modification and response to stimuli are present in zone 1 and long-chain fatty acid biosynthetic process, hydrogen peroxide metabolic process and response to oxygen levels are present in zone 2. A few GO terms are found within both, the up-as well as the down-regulated transcripts.
In addition, enrichment of GO terms was calculated for the Upset groups described above (Fig. 2) . This analysis was intended to investigate the functional relationships between the interaction zones. The terms in common between all three interaction zones (group 3 and 16 in Fig. 2 ) include heme binding, chitinase activity, shikimate metabolic process and chorismate biosynthetic process among the up-regulated transcripts. Chorismate is an important intermediate for plant metabolites like aromatic amino acids and salicylic acid. Several response and synthesis pathways for plant hormones like jasmonate, auxin and cytokinin are down-regulated. This group however is dominated by terms related to photosynthesis. Among the DEGs specific for the symptomless zone 1 (Group 4 and 17 in Fig. 2) , the terms for defence response by callose deposition, response to jasmonic acid and ethylene are enriched among the up-regulated DEGs. Down-regulated terms are related to induced systemic resistance (ISR), wax biosynthesis, cell cycle and auxin signalling. Unique to zone 2 (Group 1 and 18 in Fig. 2 ) are, GO terms that are related to the proteasome and to ATP synthase among the up-regulated DEGs. Down-regulated terms included negative gravitropism and ribosomal biogenesis. Response to chitin and negative regulation of programmed cell death are shared between zone 1 and 2 (Group 2 and 15 in Fig. 2 ) considering up-regulated genes. Down-regulated terms include many GOs related to the chloroplast and ribosome. A complete list of GO-terms enriched within the Upset groups is included in the Supplementary Table S5 .
Subsequently, the transcriptional differences between interaction zone 1 and 2 were investigated and visualized with Mapman based on Mercator annotation of the transcriptome (Fig. 4) . This approach revealed increase of transcript abundances in the functional bins related to vesicle transport, protein degradation, mitochondrial energy metabolism and calcium signalling within interaction zone 2. Bins with reduced abundances included Figure 3 . GO term enrichment of lettuce DEGs from interaction zone 1 and 2. Enrichment is calculated from the DESeq output between zone 1 and 2 vs. zone 4 (control) with GOrilla and selected terms are depicted with their corresponding false discovery corrected p-values. GO terms that were enriched in two or more groups are indicated by a unique colour, umique terms are presented by grey bars. The full list of enriched GO terms can be found in Supplementary Table S4. www.nature.com/scientificreports www.nature.com/scientificreports/ protein synthesis, photosynthesis, pathogenesis related-proteins (PR-proteins) and pentatricopeptide (PPR) repeat-containing proteins. PPR containing proteins are suggested to interact with mitochondria and chloroplasts and emulate the function of promotors. These results are also supported by KEGG mapping of DEGs ( Supplementary Fig. S3 ).
Differential expression of PRG candidates and WRKY transcription factors. In a previous publication reporting on the lettuce cv. Tizian genome, a subset of 291 pathogen receptor gene candidates (PRG) associated with various pathogens was found within the genome 17 . Of these, 157 PRG candidates were significantly differentially expressed in response to interaction with R. solani. The expression patterns within the four sample zones revealed three defined clusters (Fig. 5A) . Putative annotations were deduced by a comparison of the protein sequences with the NCBI database nr and BLAST 44 . Cluster I is dominated by transcripts with high abundances in zone 4 and cluster III is dominated by transcripts that are overrepresented in zone 1. In contrast, cluster II comprises transcripts that are abundant in both zone 2 and 3. Zone 2 and 3 are most similar to each other and zone 4 and 1 are more dissimilar, indicating the importance of the R-gene expression pattern shift between zone 1 and 2.
Likewise, the expression patterns of putative WRKY transcription factors, important regulators of plant defences 45 , were analysed by clustering (Fig. 5B) . Here the strongest cluster (cluster III) is dedicated to interaction zone 1. This observation indicates an important role for WRKY transcription factors in regulation of the local defence response. The full list of PRG candidates and candidate WRKY transcription factor expression levels is documented in Supplementary Table S6 and 7.
The lettuce/R. solani AG1-IB interaction zones show significant shifts in metabolite compositions. To add a second level of biologically relevant information, the effect of R. solani infection upon the metabolite compositions within the analysed interaction zones has been measured by means of GC-MS (Fig. 6 ). PCA and heat map cluster analysis revealed, as already shown by the transcriptome analysis, that interaction zones 2 and 3 are more similar, whereas the zones 1 and 4 form individual clusters (Fig. 6A) . Cluster I mostly comprises metabolites that do not significantly change in the course of the experiment. Cluster II is dominated by metabolites that can be assigned to components of the cell wall or the central metabolism that have an increased abundance within interaction zone 2. Cluster III metabolites are most abundant in the advanced phase of interaction represented by zone 3. Tartaric acid, accumulating in zone 3, is a decomposition product of ascorbate (vitamin C) catabolism with documented fungicidal properties 46 . The metabolites included in cluster IV increase www.nature.com/scientificreports www.nature.com/scientificreports/ in abundance in interaction zone 1 and decrease again in zones 2 and 3. Glucuronic acid and xylose are both part of hemicellulose and S-methylcystein which play a role as precursors for alexine synthesis. The clusters V and VI comprise metabolites with reduced abundances in zone 2 and 3. Metabolites from cluster VI have lower abundances in all of the interaction zones compared to zone 4. This cluster consists of amino acids and carbohydrates including the non-metabolizable sucrose-analog turanose.
Discussion
The experimental approach described in this study provides a novel perspective on the lettuce/Rhizoctonia pathosystem. Through sampling of lettuce leaf tissue at different distances from the R. solani AG1-IB inoculation site as the defining variable, we were able to distinguish three phases defined by their transcriptional patterns as response to interacting R. solani hyphae. Hereby, the natural situation involving neighbouring tissues at different levels of interaction at the same time-point were analyzed at the transcriptional level. Regarding the systemic response, we assumed that the different interaction zones cannot be differentiated, whereas intensity of the local interaction increases by decreasing proximity to the inoculation site. The large numbers of detected DEGs as well as the observed metabolome composition shifts verified the relevance of the selected zones since they represent distinguishable interaction phases. The magnitude of both, the transcriptomic as well as the metabolomic changes is another statement to the complexity of plant-host/pathogen interactions. Furthermore, our analysis revealed that in the transition from zone 2 to 3 only relatively few transcriptional changes were observed. This correlates with previous findings regarding the R. solani transcriptional response in the same experimental setting 12 . There, it was concluded that most if not all lettuce tissue is diseased in zone 3 12 . Retrospectively, more than 500 DEGs were found to be up-regulated in R. solani between zone 2 and 3. Concerning the lettuce transcriptional response, we mainly focused on the interaction zones 1 and 2.
Reduced transcription of pentatricopeptide genes in zone 1 and 2. Among the identified DEGs, pentatricopeptide (PPR) genes are generally down-regulated in interaction zones 1 and 2, but most prominently in zone 2. PPRs are editors and possible regulators of organelle RNA transcription. Several studies have reported on the negative effects of downregulation of PPRs on defence in plants 3, [47] [48] [49] . For example, Laluk et al. 49 observed an increased susceptibility of Arabidopsis to B. cinerea in a knockout mutant of PNG, a PPR protein that is localized in the mitochondrion. Interestingly, these authors also described an increase in abscisic acid (ABA) sensitivity of the mutant; ABA signalling was among the enriched GO terms in our analysis as well.
Reduction of transcripts related to the chloroplast in zone 1 and 2. In our analysis, we found a gradual down-regulation of many DEGs related to the chloroplast between zones 1 and 2. The chloroplast is crucial in the signalling cascade for PAMP perception and synthesis of the phytohormones SA, JA and ABA as well as production of ROS [50] [51] [52] [53] . Previous studies have also reported on down-regulation of photosynthesis genes after perception of a PAMP signal 54 . With this, the host probably aims for limiting the availability of carbohydrates to the pathogen. This strategy probably is effective in the defence reaction against biotrophs. However, our metabolic analysis revealed that glucose and fructose among other sugars are still readily available in zone 1 of the lettuce/R. solani interaction. A second possibility is that the host dedicates its resources completely to the synthesis of defence products, up to an extent that it is no longer feasible to maintain the process of photosynthesis. Finally, downregulation of chloroplast related genes and especially those related to non-photochemical quenching promote the production of ROS. The GO term for non-photochemical quenching was also enriched among the www.nature.com/scientificreports www.nature.com/scientificreports/ downregulated DEGs in this experiment. Specifically, a candidate gene for Photosystem II 22 kDA protein (PsbS, TCONS_00021596_g.24734) was downregulated in the R. solani three interaction zones.
Increased transcription of calcium signalling related genes potentially involved in ROS synthesis.
Calcium signalling is induced in interaction zone 1 and even more within zone 2. Within plants, calcium signalling plays a role in various biological processes including defence reactions and the hypersensitive response. Zhang et al. also reported on up-regulation of calcium signalling related transcripts in rice 24 hours after inoculation with R. solani AG1-IA 55 . Among the induced genes in lettuce, there are various candidates encoding calcium dependent protein kinases (CDPKs). These can have various functions such as hormonal signalling, stomatal closure, oxidative burst and induction of cell death 56 . In our data, we observed pathogen induced up-regulation of candidate genes for CDPK1, CDPK4, CDPK7 and CPDK26 like proteins. In Arabidopsis, AtCPK1 is involved in camalexin accumulation, SA signalling and in SA-independent ROS activation together with CDPK4 in Arabidopsis and Solanum tuberosum 57 . The latter is achieved through Respiratory Burst Oxidase Homologs Supplementary Table S8 as well as an enlarged depiction of heatmap B in Supplementary Fig. 2. www.nature.com/scientificreports www.nature.com/scientificreports/ (RBOHs). Two candidate genes, namely RBOHE and RBOHA, were progressively induced from zone 1 to 2 (TCONS_00026252_g.30371, TCONS_00009774_g.11091) and might be involved in SA independent activation of ROS-induced PCD 58 . Several more indicators of ROS-induced programmed cell death (PCD) involvement within the lettuce/R. solani pathosystem were found, like the up-regulation of a metacaspase-1-like encoding transcript (TCONS_00035876_g.40713) and general transcripts related to cell vesicle transport and the proteasome. Contradictory to these findings, the GO term for negative regulation of PCD (GO:0043069) was upregulated within interaction zones 1 and 2. Considering the experimental setup and the contradictory result regarding PCD, we hypothesize that upon infection by R. solani, negative regulation of PCD is systemically induced in viable tissue (zone 1 and 2) . In contrast, induced PCD and hypersensitive response (HR) occurs as a localized event, limited to single cells directly interacting with fungal hyphae.
Co-transcription of PRG candidates between the interaction zones. In a previous study, we described a sub-set of putative lettuce cv. Tizian PRG candidates associated with various pathogens 17 . Transcriptome data of these type of genes is challenging to interpret in a non-model species like lettuce due to interference and crosstalk between various defence pathways. In this study, a large cluster of co-transcribed genes, specific for zone 4, was found to contain candidates encoding well documented R-genes like Xa21 and the TMV-resistance protein gene 59, 60 . As expected, these are down-regulated within the interaction zones since they are specific for bacterial and viral pathogens. Less expected was the down-regulation of genes whose gene products may assist in the defence of necrotrophic pathogens like those encoding LRR receptor-like serine/ threonine-protein kinase ERECTA (TCONS_00025278_g.29229 and TCONS_00036128_g.41007) proteins, who are involved in regulation of immune responses 61 . Furthermore, putative Wall Associated Kinase 1 (WAK1) candidate transcripts are more abundant in zone 1, whereas WAK2 related transcripts were more abundant in zones 2 and 3. A similar distribution was found for several receptor-like protein CLAVATA1-like and CLAVATA2-like encoding transcripts (TCONS_00008091_g.9105, TCONS_00002540_g.2858 and TCONS_00029043_g.33326). In Arabidopsis, WAK1 is a receptor for oligo-galacturonide DAMPs that can be induced by either JA or SA and can directly induce ROS defence reactions 62 . Underlining the importance of receptors and specifically MAPs during the interaction, we found two candidate genes for leucine-rich repeat (LRR) receptor-like serine/ threonine-protein kinase (EFR) guard proteins that were upregulated in all three interaction zones 63 .
Comparison of GO term enrichment between lettuce responses to the pathogens R. solani and Botrytis cinerea. De Cremer et al. 22 previously reported on the response of lettuce to interaction with Botrytis cinerea. Like R. solani, B. cinerea is considered to represent a pathogen featuring a general necrotrophic lifestyle. Hence, we expected that these two pathosystems probably share a high degree of similarity regarding progression of pathogenic interaction. However, comparison of the corresponding global GO term analyses revealed that the lettuce response to B. cinerea at 48 h as reported by De Cremer et al. has only 14% of the up-regulated and 38% of the down-regulated enriched GO terms in common with the R. solani pathosystem interaction zone 2. This is most likely a result of the specific responses of lettuce towards the two pathogens and methodical differences between both interaction experiments. The shared down-regulated GO terms are almost exclusively dedicated to the photosystem machinery. An exception is the transmembrane receptor protein tyrosine kinase signalling pathway. The enrichment of this group appears to be caused by the large cluster of down-regulated R-gene candidates featuring receptor related functions, that were differentially expressed in our experiment. Among the shared up-regulated GO terms, we found GOs related to phenylpropanoid, chitin, and lignin responses to fungi and systemic acquired resistance (SAR). Additionally, terms related to the plant hormones JA, ET, ABA and AUX are enriched in both pathosystems. Although it may be suggested that these GOs are part of a universal response towards fungal pathogens. It should be kept in mind that both pathosystems involve compatible interactions that do not result in successful defence against their respective pathogens.
transcription of sA and JA signalling genes. Recently Kouzai et al. 64 reported on the discovery of Salicylic acid (SA) dependent resistance of Oryza sativa (rice) and Brachypodium distachyon towards R. solani, suggesting the existence of a pseudo biotrophic phase during the interaction with these two host species. The importance of SA mediated defences plant defences against R. solani was further underlined by Genzel et al. 65 . Interestingly, no enriched GO terms related to SA signalling were found to be enriched in our dataset. On the contrary, we observed induction of genes that might trigger fine-tuning of the hormonal balance between SA and JA. For example, a putative transcript for Jasmonate Resistant 1 (JAR1) was continuously lower abundant during the interaction (TCONS_00020356_g.23215). JAR1 belongs to the group of auxin responsive genes and synthesizes jasmonate-isoleucine, the most active form of JA. JAR1 and Coronatine-insensitive protein 1 (COI1, TCONS_00010993_g.12484) are necessary for Arabidopsis resistance against B. cinerea and induce sensitivity towards F. graminearum by attenuation of SA signalling 66 . Presence of Non-expressor of PR gene 1 (NPR1), a regulator of SA signalling and SAR, masks the latter phenotype. The TCONS_00016219_g.18411 NPR1 candidate gene is continuously expressed throughout the experiment. In addition, a putative CYP94B3 encoding transcript (TCONS_00024974_g.28887) is up-regulated in zone 1 and 2. CYP94B3 catabolizes and inactivates jasmonate-isoleucine. Additionally, a set of 45 transcripts related to auxin-activated signalling (GO:0009734) is down-regulated.
WRKY transcription factors.
Further regulatory elements with highly specific induction between the interaction zones are the WRKY transcription factor family members. With fold-changes of up to 60, it can be assumed that these are of great importance during the lettuce/R. solani interaction. WRKYs play essential roles in plants including biotic and abiotic defences, development and senescence 45 . Although WRKYs have been studied for many plant species, only little information is available for lettuce WRKYs. Apart from activation of plant (2019) Metabolite profiles are distinctive for each interaction zone. Regarding the metabolite analysis, we should mention that in contrast to the previously discussed transcriptome analysis, most metabolites cannot be attributed to one of the two interaction partners definitively. Combining the knowledge gained from the transcriptomes and comparison with the blank and in relation to the level of interaction, these profiles can be interpreted.
One of the most interesting compounds identified in the metabolite analysis is the non-metabolizable sucrose-analog turanose. It is involved in signal transduction and priming of defence in Lycopersicon peruvianum (tomato), Zea mays (maize) and Oryza sativa (rice) 69, 70 . Several studies report on a reduction of the turanose content after plant infection with R. solani, most likely because fungi unlike plants are capable to metabolize turanose 70, 71 . In contrast, co-inoculation with Bacillus amyloliquefaciens resulted in a turanose concentration comparable to the control samples and it was suggested that this adjustment is mechanistic in plant priming. We propose a slightly modified hypothesis where not the absolute concentration but the change in concentration of turanose is able to prime plant defence. Further compounds with reduced concentrations during interaction comprised the amino acids tyrosine, methionine, threonine, isoleucine, valine, serine, proline, phenylalanine, 4-aminobutyrat and leucine. The decrease of these compounds indicates their importance during the defence. KEGG pathway mapping of the transcriptome data indicated clear up-regulation within the KEGG pathways for phenylalanine, tyrosine, tryptophan, valine, leucine and isoleucine synthesis. In addition, the degradation of cysteine, methionine, valine, leucine, isoleucine and sphingolipid and the synthesis of phenylpropanoid also appeared to be up-regulated which may result in a decrease of the aforementioned compounds despite the up-regulation of the corresponding synthesis pathways. Subsequently, several intermediates of the phenylpropanoid pathway decreased in concentration in interaction zone 2. Integrating this information and the transcriptome mapping onto the phenylpropanoid pathway suggests a flux directed towards the production of synapaldehyde and synapoyl-CoA representing precursors of lignin. Malate, citric acid, glucose and fructose fuel the glycolysis and oxidative phosphorylation pathways and satisfy the increased energy demand. In addition, glucose probably is utilized for cellulose synthesis. Glucuronic acid and xylose show a small peak in concentration within interaction zone 1. These are both possible components of hemicellulose and S-methylcysteine; the latter is a possible precursor for alexine synthesis. Both compounds are increased in concentration in zone 2, Arabinose and xylitol are most likely degradation products of R. solani induced cell wall lysis. Alternatively, it is possible that downstream synthesis of hemi-cellulose is restrained, causing the accumulation of precursors components. Threonic acid and tartaric acid, decomposition products of ascorbate, increase in concentrations within zone 2. Although ascorbate concentrations were not directly measured, it can be assumed, based on transcriptome data and the above mentioned results, that the ascorbate concentration is reduced, a status that has been linked to induction of senescence 72 . Furthermore, vitamin C is an important anti-oxidative protecting agent against ROS and tartaric acid cannot be metabolised by fungi.
Concluding remarks.
In this study, we have demonstrated that inoculation of lettuce cv. Tizian with R. solani AG1-IB causes large-scale reprogramming of the transcriptome and metabolome in lettuce leaf tissue. Our data suggest that the role of lettuce in the interaction is not as passive as was previously assumed. Analysis of the metabolite profiles and the differentiated patterns of PRG transcript levels between the three interaction zones very much corroborates active defence efforts of lettuce. The defence reaction of lettuce has more in common with a guarded retreat, where spread of the fungus is minimized or retarded, instead of an offensive defence approach. In the introduction, we postulated that an SA mediated early response can be beneficial during the initial phase of interaction. Eventually, though, during the infective phase of interaction R. solani is a necrotrophic pathogen and JA mediated defences should be dominant. Therefore, the consistent down-regulation of JAR1 and several auxin responsive genes was very surprising, as was the lack of enrichment for SA responsive genes. The apparent improper regulation of JA and SA signalling, adapted to the specific interaction zones, appears to be a clear disadvantage and might weaken the effectiveness of the lettuce local defence response. Alternatively, R. solani may actively interfere with host hormonal signalling, deregulating the defence response. In the future, more research is needed to confirm these findings, including experimental work with whole plant interaction models. As such, future work should address identification of elicitors responsible for inducing lettuce PCD/senescence within this pathosystem. Furthermore, hormone levels should be measured directly to analyse their influence and correlation with the transcription profiles that were described here and lettuce PRG and WRKY candidate gene functions have to be elucidated.
Data Availability
The sequencing raw data for all libraries is available from EBI ArrayExpress, accession E-MTAB-4762.
